Introduction
============

Free radicals are metabolites that are usually counter-balanced by biological antioxidants. ([@bib2]). Breakage of this critical balance results in oxidative stress, which may lead to diseases such as cancer, coronary heart disease, diabetes, arthritis, atherosclerosis, and Alzheimer\'s disease ([@bib16]; [@bib29]). Free radicals, the main causes of lipid peroxidation, can also shorten shelf life, produce undesired taste and rancid flavor, and generate potentially toxic reaction products ([@bib16]). Therefore, it is imperative to inhibit oxidation in food to prevent its deterioration, and in living organisms to protect the body from serious diseases ([@bib22]). Increasing studies have explored and developed natural and safe antioxidant compounds, such as antioxidant peptides ([@bib14]).

Meat protein, rich in essential amino acids such as methylhistidine and hydroxymethyllysine that are not ordinarily found in plant protein, is a good source of antioxidant peptides. In the muscle tissues, antioxidant peptides, such as carnosine and anserine, can act as metal-ion chelators and free-radical scavengers ([@bib10]). Duck meat is thought to be a good protein source for humans and it is rich in iron, niacin, and selenium, while it is lower in calories than beef ([@bib1]). Duck meat and its products are highly appreciated by customers worldwide ([@bib12]). Moreover, duck meat and its products have gained increased consumer interest since it is recommended to reduce the intake of red meat, which has been related to cardiovascular disease ([@bib1]; [@bib24]; [@bib28]). The consumption of duck meat and its products has increased about twofold in China between 2000 and 2011 ([@bib20], [@bib21], [@bib19]). Therefore, the development of new products, preferentially containing antioxidant peptides, is necessary.

Enzymatic hydrolysisis an important process in generating meat with antioxidant peptides. Enzymatic hydrolysis is influenced by various factors , including enzyme type, pH, temperature, and time, which together affect enzyme activity, and thus, allow for controlling the process ([@bib9]). In our previous study, we found that Flavourzyme is one of the most effective hydrolytic enzymes; however, information on the optimal hydrolysis condition is limited.

The aims of this study were: 1) to optimize Flavourzyme hydrolysis conditions (including pH, temperature, and time) to yield high DPPH radical scavenging activity, using response surface methodology (RSM), and 2) to assess other important antioxidative activity indexes(e.g., ABTS radical cation scavenging, ferrous ion chelating, hydroxyl radical scavenging, and reducing power) under the optimal hydrolysis conditions.

Materials and Methods
=====================

Sample Preparation
------------------

Thirty-six ducks weighing approximately 2.0 kg, were slaughtered in a local commercial poultry meat processing company (Furun Company, Jiangsu, China). Biceps femoris muscles were collected from the duck carcasses and removed of all connective tissues and visible subcutaneous fat. The duck meat sample was rinsed using distilled water and homogenized. The homogenate was mixed with isopropanol was mixed at a ratio of 1:5 (w/v) and stirred for 5.0 h at 25°C. Isopropanol was changed every 2.5 h. After centrifugation at 5000×*g* for 20 min at 4°C, the precipitate was collected and freeze-dried. The defatted duck protein powder was stored at −20°C ([@bib7]).

The defatted duck protein powder was dissolved (∼10% w/v) in double-distilled water and homogenized at 8000 rpm, then hydrolyzed with Flavourzyme at an enzyme/substrate ratio of 3% (w/w). For single-factor analysis, hydrolysis was performed at 35--60°C, pH 5.0--7.5, and reaction times of 0.5--3.0 h. On the basis of single-factor experiments, we used the RSM method to estimate the influence of independent variables(temperature, *X*~1~; pH, *X*~2~; time, *X*~3~) on DPPH radical scavenging activity (*Y*). Box--Behnken design at 3 levels was selected to analyze the effects of these three variables on DPPH radical scavenging activity. Hydrolysis was terminated by heating in boiling water for 12 min. The hydrolysate was cooled to room temperature and centrifuged at 5000×*g* for at least 20 min. The supernatant was stored at −20°C for further analyses.

DPPH Radical Scavenging Activity
--------------------------------

DPPH radical scavenging activity of the hydrolysate was determined according to the method described by [@bib18], with modification. Hydrolysate (200 *µ*L, 1.0 mg/mL) was mixed with ethanolic solution of DPPH (0.18 mM, 1.0 mL). The test solution was mixed well and then left in the dark for 15 min. The mixture was subsequently injected into the sample cavity of a Bruker E-scan electron paramagnetic resonance spectrometer (EPR, Bruker Biospin Co., Billerica, MA, USA). Ethanol was used instead of the hydrolysate as a control. The Bruker E-scan operation parameters were set as reported by [@bib18].

The DPPH radical scavenging activity of the test sample wasobtained by solving the following equation: DPPH radical scavenging activity (%)=(1−signal intensity for sample/signal intensity for control)×100.

Ferrous Ion Chelating Capacity
------------------------------

The ferrousion chelating capacity of hydrolysate was measured by the method of [@bib22], with some modification. Hydrolysate of test compounds (1.0 mL, 1.0 mg/mL) was mixed well with a ferrouschloride solution (2 mM, 0.1 mL). To the mixture, ferrozine solution (5 mM, 0.2 mL) was added, and the reaction mixture wasallowed to stand for 20 min for color development. The absorbance of the test sample at 562 nm was determined. A blank without ferrozine was used for each compound, since the antioxidant--Fe^2+^ complex gives a color that might interfere with the absorbance reading. Ferrous ion chelating capacity was obtained by solving the following equation: ferrous ion chelating capacity (%)=\[1−(As−Ab/Ac)\]×100, where As is the absorbance of the sample, Ac is absorbance in the absence of hydrolysate, and Ab is the absorbance in the absence of ferrozine.

ABTS Radical Cation Scavenging Capacity
---------------------------------------

The ABTS (3-ethylbenzothiazoline-6-sulfonate) radical cation scavenging activity of duck protein hydrolysate was determined using the method reported by [@bib11], with minor modification. AAPH (2.5 mM) and ABTS (2.5 mM) were prepared in phosphate buffer (0.1 M) with 0.15 M sodium chloride (pH 7.4). ABTS solution was prepared by mixing AAPH and ABTS stock solutions at the ratio of 1:1 (v/v). The solution was heated to 60°C for 20 min in the dark. Fifty microliters of sample (1.0 mg/mL) was mixed with ABTS solution (1.95 mL), and the absorbance of the mixture at 734 nm was determined after 6 min. ABTS radical cation scavenging activity was obtained by solving the following equation: ABTS radical cation scavenging activity (%)=(1−(As/Ab)×100, where Asisthe absorbance of the sample and Ab is the absorbance in the absence hydrolysate.

Reducing Power Analysis
-----------------------

The reducing power of duck protein hydrolysate was determined by the method reported by [@bib25]. Two milliliters of sample (1.0 mg/mL) was mixed with phosphate buffer (1.0 mL, 0.2 M, pH 6.6) and 1.0 mL of potassium ferricyanide solution (1%). The mixture was heated at 50°C for 20 min, then 1.0 mL trichloroacetic acid (10%) was added, and the mixture was centrifuged at 1000×*g* for 10 min. An aliquot (1.0 mL) of the supernatant was transferred to a tube containing distilled water (1.0 mL) and ferric chloride (0.2 mL, 0.1%). The content was mixed well and the absorbance at 700 nm was recorded. The higher the absorbance of the reaction solution, the greater the reducing power.

Hydroxyl Radical Scavenging Capacity
------------------------------------

The hydroxyl scavenging activity was assayed according to the method reported by [@bib26]. Briefly, duck protein hydrolysate (1.0 mg/mL, 1.0 mL) was mixed well with 1,10-phenanthroline monohydrate solution (5 mM, 0.6 mL). Then, phosphate buffer (0.2 M, pH 7.4, 0.4 mL), FeSO~4~ solution (50 mM, 0.6 mL), and EDTA solution (15 mM, 0.6 mL) were added, followed by addition of 0.1% H~2~O~2~ solution (0.4 mL). The mixture was incubated at 37°C for 1 h and then, the absorbance at 536 nm was determined. The hydroxyl scavenging activity was obtained by solving the following equation: hydroxyl scavenging activity (%)=\[(As−Ad)/(An−Ad)\]×100, where As is the absorbance of the sample solution, Ad is the absorbance of the control solution without duck protein hydrolysate, and An is the control solution without H~2~O~2~ absorbance.

Statistical Analysis
--------------------

Single-factor analysis was used to evaluate differences among groups, with SPSS 16.0 software (SPSS Inc. Chicago, IL, USA). Differences were regarded significant when *P*\<0.05. RSM was used for statistical analysis of experimental data, using Design-Expert 8.0.6 software (State-Ease, Inc., Minneapolis MN, USA). RSM was based on multiple linear regression analysis, taking into account the two major and interactive effects, using the following equation: where *Y* is the predicted response variable, and *b*~0~, *b~i~, b~ii~, b~ij~* are linear, square, and interaction regression coefficients, respectively, and *X~i~* and *X~j~* are the independent variables (*i\>j*). All results were analyzed using ANOVA. The optimum hydrolysis conditions for Flavourzyme were estimated using independent and dependent variables by regression analysis and 3D response surface analysis.

Results and Discussion
======================

Effects of Temperature, pH, and Reaction Time on DPPH Radical Scavenging of Antioxidant Peptides from Duck Protein
------------------------------------------------------------------------------------------------------------------

We aimed to develop an RSM model to optimize the Flavourzyme hydrolysis condition for duck meat protein in terms of temperature, pH, and reaction time, to achieve high antioxidative activity of antioxidant peptides. Changes in DPPH radical scavenging activity were observed in single factor experiments, the results of which are shown in [Fig. 1](#F1){ref-type="fig"}.

![Effects of temperature (a), pH (b) and reaction time (c) on DPPH radical scavenging of antioxidant peptides from duck protein.](1349-0486-55-217-g001){#F1}

To test the effect of temperature on antioxidant activity, temperature was varied from 35°C to 60°C, while both other parameters were maintained constant at pH 6.5 and a reaction time of 2.0 h. DPPH radical scavenging activity increased significantly (*P*\<0.05) when the processing temperature was increased from 35°C to 50°C, after which it significantly decreased (*P*\<0.05) as the temperature was further elevated to 60°C ([Fig. 1a](#F1){ref-type="fig"}). The low antioxidant activity at high temperature can be explained by protein denaturation, and the low activity at low temperature may be because of the incomplete enzymatic hydrolysis ([@bib17]), which indicated that temperature is an important factor in duck meat hydrolyzation. Based on these findings, 50°C was selected as the optimum temperature and was therefore used in subsequent experiments.

The effect of pH on DPPH radical scavenging activity was analyzed at the suitable range of 5.0--7.5, and hydrolyzation wascarried out at 50°C for 2.0 h ([Fig. 1b](#F1){ref-type="fig"}). The DPPH radical scavenging activity significantly increased (*P*\<0.05) when the pH was increased from 5.0 to 5.5, and significantly decreased at pH 5.5 to 6.0 ([Fig. 1b](#F1){ref-type="fig"}). There was no significant decrease in DPPH radical scavenging activity (*P*\>0.05) when the pH was further increased from 6.0 to 6.5 and from 7.0 to 7.5. In brief, the antioxidant activity increased at a pH of around 5.5 and decreased thereafter. In a previous report, Flavourzyme was active at pH 5.0 to 7.0, with a pH of 7.0 found to be optimal ([@bib5]). The discrepancy may be caused by the fact that this study used a different substrate. The influence of pH on duck meat hydrolysis was significant (*P*\<0.05). Based on our findings, a pH of 5.5 was chosen as the RSM central point.

The effect of processing time on the antioxidative activity was tested using a range of 0.5--3.0 h, and hydrolyzation was carried out at 50°C and pH 5.5. DPPH radical scavenging activity increased from 70.94% to 83.22% when the reaction time was increased from 0.5 to 1 h ([Fig. 1c](#F1){ref-type="fig"}). Between 1.0 h and 1.5 h, the change in processing time resulted in a significant decline in the scavenging activity (*P*\<0.05). Between 1.5 h and 2.0 h, although the scavenging activity of DPPH radical still decreased, the change was not significant. Between 2.0 h and 3.0 h, the scavenging activity decreased significantly when again (*P*\<0.05). Thus, during the initial stage of enzymatic hydrolysis, the hydrolysis degree increased, and the content of antioxidant peptides and the DPPH radical scavenging activity also increased. At the later stage of enzymatic hydrolysis, some long-chain antioxidant peptides can be hydrolyzed, which might have caused the decrease in DPPH radical scavenging activity ([@bib6]). These findings indicated that time is also an important factor in the hydrolyzation of duck meat. Thus, 1 h was selected as the optimum reaction time for development of the RSM model.

Optimization of the Hydrolysis Conditions by RSM
------------------------------------------------

RSM is a statistical method widely used in food science and research in recent years to simulate and optimize the response of a system to one or more factors ([@bib27]; [@bib8]; [@bib23]; [@bib13]). In our present study, temperature, pH, and reaction time were selected as independent variables for further optimization of the Flavourzyme hydrolysis conditions because of their obvious effects on antioxidant activity. DPPH radical scavenging activities evaluated in a 3-level and 3-factor factorial design, which was adopted to optimize the hydrolysis conditions, are shown in [Table 1](#T1){ref-type="table"}. Based on the limited number of experimental results, the statistical model was built, and the relationships between DPPH radical scavenging activity and the test variables were determined to be as follows:

###### Box--Behnken design and experimental results of RSM

  Run   Independent variables[^a^](#tf1){ref-type="table-fn"}   Dependent variables[^b^](#tf2){ref-type="table-fn"}         
  ----- ------------------------------------------------------- ----------------------------------------------------- ----- -------
  1     50.0                                                    5.5                                                   1.0   83.23
  2     50.0                                                    5.0                                                   0.5   70.04
  3     50.0                                                    5.5                                                   1.0   84.46
  4     50.0                                                    6.0                                                   1.5   68.20
  5     55.0                                                    6.0                                                   1.0   63.05
  6     45.0                                                    6.0                                                   1.0   67.73
  7     50.0                                                    6.0                                                   0.5   67.84
  8     45.0                                                    5.0                                                   1.0   66.26
  9     50.0                                                    5.5                                                   1.0   84.10
  10    50.0                                                    5.5                                                   1.0   84.65
  11    55.0                                                    5.0                                                   1.0   73.21
  12    55.0                                                    5.5                                                   0.5   69.75
  13    55.0                                                    5.5                                                   1.5   71.95
  14    50.0                                                    5.5                                                   1.0   85.10
  15    45.0                                                    5.5                                                   1.5   72.13
  16    45.0                                                    5.5                                                   0.5   69.58
  17    50.0                                                    5.0                                                   1.5   70.86

Independent variables: *X*~1~, temperature; *X*~2~, pH; *X*~3~, time.

Dependent variables: *Y*, DPPH radical scavenging; data expressed as the mean (*n*=6).

The significance of each of the model coefficients was determined by ANOVA, the results of which are summarized in [Table 2](#T2){ref-type="table"}. *X*~2~, *X*~1~*X*~2~, *X*^2^~1~, *X*^2^~2~, and *X*^2^~3~ were significant parameters (*P*\<0.05), while the coefficients of other terms were not significant (*P*\>0.05). The determination coefficient (R^2^=0.9932) of ANOVA of the quadratic regression model showed that the model explained 99.32% of total variation. The adjusted coefficient of decision (R~Adj~^2^=0.9845) confirmed that the model was highly significant. At the same time, the coefficient of variation was 1. 26, which indicated good reliability of the experimental data.

###### ANOVA for response surface quadratic model: estimated regression model of relationships between dependent variables and independent variables

  Source                Sum of squares                                              DF   Mean square   F-value   *p*-value
  --------------------- ----------------------------------------------------------- ---- ------------- --------- -----------
  Model                 887.45                                                      9    98.61         113.86    \<0.0001
  *X*~1~ -Temperature   0.64                                                        1    0.64          0.74      0.4175
  *X*~2~ - pH           22.94                                                       1    22.94         26.49     0.0013
  *X*~3~ - Time         4.42                                                        1    4,42          5.10      0.0585
  *X*~1~*X*~2~          33.79                                                       1    33.79         39.02     0.0004
  *X*~1~*X*~3~          0.032                                                       1    0.032         0.037     0.8524
  *X*~2~*X*~3~          0.052                                                       1    0.052         0.061     0.8128
  *X* ^2^~1~            240.87                                                      1    240.87        278.13    \<0.0001
  *X* ^2^~2~            355.07                                                      1    355.07        410.00    \<0.0001
  *X* ^2^~3~            146.15                                                      1    146.15        168.76    \<0.0001
  Residual              6.06                                                        7    0.87                    
  Lack of fit           4.09                                                        3    1.36          2.76      0.1762
  Pure error            1.98                                                        4    0.49                    
  Cor total             893.51                                                      16                           
                        R^2^=0.9932 R~Adj~^2^=0.9845 R~Pred~^2^=0.9234 C.V.%=1.26                                

The interactions of independent variables and their interactions with antioxidant activity can be observed from 3D response surfaces of multiple nonlinear regression models ([@bib4]; [@bib27]). Using the complete model established by [Eq. (2)](#eq2){ref-type="disp-formula"}, 3D response surface and contour maps were generated to predict the relationships between the independent and the dependent variables. The interaction effects of pH (*X*~2~) and temperature (*X*~1~) on DPPH radical scavenging activity are shown in [Fig. 2a](#F2){ref-type="fig"} and [2a1](#F2){ref-type="fig"}, while pH wasfixed at 5.5. With the increase in temperature, the scavenging activity began to increase, and then decreased sharply. When the temperature reached the optimum, the scavenging rate of DPPH radical reached 84.38%. As shown in the response surface plot and the corresponding counter plot, temperature had no significant effect on DPPH radical scavenging activity, which was in accordance with the data in [Table 2](#T2){ref-type="table"}. However, mutual interactions between temperature (*X*~1~) and pH (*X*~2~) were found ([Fig. 2a1](#F2){ref-type="fig"}), which were also in accordance with the results in [Table 2](#T2){ref-type="table"}. [Fig. 2b](#F2){ref-type="fig"} and [2b1](#F2){ref-type="fig"} presents the interaction effect of temperature (*X*~1~) and time (*X*~3~) on the scavenging activity under an experimental reaction of 1.0 h. At medium levels of temperature and time, maximum DPPH radical scavenging activity of 84.33% was achieved, while increases in temperature and time did not lead to increased scavenging activity. The effect of pH (*X*~2~) and time (*X*~3~) on the scavenging activity is shown in [Fig. 2c](#F2){ref-type="fig"}. With increasing pH value and treatment time at the fixed temperature of 50°C, the DPPH radical scavenging activity began to increase, and then decreased significantly. Under the optimum conditions, the scavenging rate was the highest, with 84.40%. The contour map in [Fig. 2c1](#F2){ref-type="fig"} shows that reaction time does not affect the DPPH radical scavenging activity significantly. The results also showed that the optimal Flavourzyme hydrolysis conditions for producing antioxidant peptides from duck meat protein were at 50.19°C, pH 5.45, a reaction time of 1.03 h.

![**Response surface plots and contour plots of the DPPH radical scavenging (%) in response to changes in temperature (°C), pH, and time (h).** a, a1: temperature and pH; b, b1: temperature and time; c, c1: pH and time.](1349-0486-55-217-g002){#F2}

These theoretically determined optimum hydrolysis parameters were validated experimentally. A mean DPPH radical scavenging activity of 84.36% (*n*=6) was achieved, demonstrating the experimental results were very close to values predicted by the regression model. Therefore, the RSM model can be effectively applied to the prediction of Flavourzyme hydrolysis conditions.

Comparison of Flavourzyme Hydrolysis with Control Duck Protein
--------------------------------------------------------------

[Table 3](#T3){ref-type="table"} shows that Flavourzyme hydrolysis notably increased DPPH radical scavenging, ferrous ion chelation, reducing power, ABTS radical cation scavenging, and hydroxyl radical scavenging, as compared to control. Determination of antioxidant capacity is an important step in the validation of functional food properties. For decades, methods for testing the antioxidant activity of food compounds and biological samples have been developed, and they have been comprehensively reviewed in some papers ([@bib15]; [@bib3]). To date, there is no distinguished way to describe the overall antioxidant potential of proteolyzed, partially purified hydrolytic peptides. The most widely used detection methods based on hydrogen atoms include oxygen radical absorption capacity (ORAC) and total free radical capture antioxidant parameters(TRAP). Therefore, DPPH radical scavenging, ferrous ion chelation, ABTS radical scavenging, oxidation of hydroxyl radicals, and reducing power are widely used in the assessment of antioxidant capacity. Taken together, hydrolysates of duck meat had a high antioxidant activity, demonstrating their potential use as food ingredients with antioxidative function. Other effects related to beneficial health effects of such hydrolysates and identification of their amino acid sequence remain to be explored.

###### Antioxidant activities of antioxidant peptides from duck protein (1.0 mg/mL)

                                       Control                                      Antioxidant peptides
  ------------------------------------ -------------------------------------------- --------------------------------------------
  DPPH radical scavenging (%)          11.13±0.43[^b^](#tf3){ref-type="table-fn"}   84.36±2.55[^a^](#tf3){ref-type="table-fn"}
  Ferrousion chelating (%)             4.05±0.22[^b^](#tf3){ref-type="table-fn"}    16.27±2.84[^a^](#tf3){ref-type="table-fn"}
  ABTS radical cation scavenging (%)   8.66±0.17[^b^](#tf3){ref-type="table-fn"}    77.79±2.28[^a^](#tf3){ref-type="table-fn"}
  Reducing power (A700)                0.15±0.02[^b^](#tf3){ref-type="table-fn"}    1.53±0.59[^a^](#tf3){ref-type="table-fn"}
  Hydroxyl radical scavenging (%)      5.24±0.35[^b^](#tf3){ref-type="table-fn"}    38.65±0.63[^a^](#tf3){ref-type="table-fn"}

Meansin the same row with different lettersdiffer significantly (*P*\<0.05); data expressed asthe mean±SD (*n*=6).
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